Abstract-In this paper, we present an algorithm for a shape-shifting robot climbing stairs autonomously. The robot has been used several times for search and rescue missions. Because of the special environment of tasks, the robot must have the ability to climb stairs autonomously to help the operators. Due to the characters of robot in "T" configuration, the mathematical model of force is established and the whole process of climbing stairs is analyzed. Grouser-tread hooking, track-stair edge frictional force et al. are all considered during the process of climbing. A description of its dynamic model is also presented which is involved in the controller. The controller is comprised of center control and heading control, which can help the robot climb stairs safely and quickly. The effectiveness of the algorithms proposed are verified by experiment.
I. INTRODUCTION
Owing to the disasters happening such as earthquake, terrorist attack, nuclear pollution and so on, the human safety has been threatened. The complexity and danger of the environment hammers rescuers to search and save survivors with longer time and lower efficiency [1] [2] [3] [4] . So how to use the robots to help the rescuers complete the tasks has attracted more and more attentions all over the world. Generally, the staircase is one of the most typical ruins in disasters. Meanwhile, the evaluation of mobility and obstacle performances can be reflected by the ability of climbing stairs for the robot. It is one of the most important essential skills for the robot in disasters.
The "LMA" robot designed by the University of Toronto [5] has better ability in stair climbing, which can get pass the obstacles with the shifting tracks. The tip-over can be avoided by the algorithm proposed in the process of climbing. The "MACbot" robot proposed by the Korea University [6] can overcome some complex obstacles such as rocks and stairs. It has four track modules that can rotate freely to passively adapt the terrain and independently be activated to travel on a fine terrain. Liu et al. [7] analyze the dynamic of the tracked shape-shifting robot in the process of stair climbing. The slippage, shocks and the track-surface contract are all discussed, which are encountered commonly during the process of stair climbing. Yugang Liu [8] analyzes track-stair interactions and develops an online tip over prediction Bin Li is the Professor of the University of Chinese Academy of Sciences. He is now with Shenyang Institute of Automation Chinese Academy of Sciences China (e-mail: libin@sia.cn).
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algorithm for a self-reconfigurable tracked mobile robot climbing stairs, which is vulnerable to tipping-over. The track-stair interactions are analyzed systematically and tip-over stability criteria are derived for a tracked mobile robot climbing stairs.
As to the disaster environment, the complexity unstructured space and steel structure will cut off the control and video signals. Especially, in the staircases space, the signals will be blocked worse, so the operators are not able to control the robot to move and fulfill the tasks on those occasions, while the robot is in "dark space". At that moment, the robot is in danger and might be blocked. So the process of control method designed should be considered clearly. Meanwhile, we see that the robot on the stairs is restricted by the narrow and small space, as shown in Fig.1 . Therefore, the operators can hardly control the robot to climb stairs efficiently and increase the task-fulfill time consumption. The robot should have the ability to climb stairs autonomously which can reduce the time-searching required and the burdens of operators. Tseng, CK et al. [9] emphasize on the functionality and practicality of tracked robot that can move autonomously on the stairs and slope. By using the information obtained by Kinect sensor, the robot can identify different types of roads to achieve the tasks of identifying and climbing stairs and slopes.
Research on Autonomous Stairs Climbing for the Shape-shifting
Robot* Bin LI, Jian CHANG and Lincang ZHU A mobile robot designed to achieve autonomous climbing and descending of stairs is proposed by Ben-Tzvil [10] . The robot uses the sensors and embedded intelligence to achieve the tasks. Furthermore, algorithm has been developed for the conditions that the mobile robot can halt at the risk of flipping over in the process of climbing. A method proposed by Anastasios I. M et al. [11] achieve robust performance under real-world conditions. The approach relies on fast and accurate estimation of the robot's heading and its position relative to the stair boundaries. An EKF is used for quaternion-based attitude estimation, which can fuse the rotational velocity from a 3-axial gyroscope. Two kinds of controller are designed, that can guide the robot to climb the upstairs fast, safely, and accurately. This paper further improves the work presented in Ref. [11] . Firstly, the stairs climbing process of the shape-shifting robot is elaborated and the slippage cases are analyzed. Then the control algorithm is presented by two tiered controller, comprised of a centering and a heading control module with the combination of robot dynamic. At last, the experiment is shown to prove the correctness of algorithm.
I. SHAPE-SHIFTING ROBOT AND PROCESS OF STAIR CLIMBING

A. Shape-shifting Robot
The shape-shifting robot named AMOEBA-I which is designed by SIA (The State Key Laboratory of Robotics, Shenyang Institute of Automation, China). It is used for disaster-rescue works and has four common configurations [12] [13] [14] [15] . Each configuration has its special motion locomotion. The custom configurations include "T", "d", "L" and "P". Due to the better symmetry, "T" configuration of the robot, in the process of climb the stairs, can guarantee better direction and has the good obstacle ability, so this kind of configuration is often used to complete tasks of climbing. In this paper, we just discuss the "T" shape of the robot to climb stairs autonomously. The mechanism of the robot mainly includes the modules of crawler mechanism, driving joints, pitch joints and deflection joints. Pitch joints are responsibility for the heading of robot up and down which is suitable for the course of stairs climbing. Deflection joints are responsibility for the shapes changing and drive joints guarantee robot to have enough drive torque. In the paper, we set the same track length of robot, and in the process of the whole movement, track grousers are not deformation with rigid contact to the ground.
B. Process of stairs climbing
The process of stairs climbing is shown in Fig. 3 . Stair identification is not discussed in this paper. We just analyze the courses of stair approaching, stair climbing, tread walking and the stairs overcoming. Stair climbing includes tread walking and climbing, and in which the multiple conditions restriction and control decision are both considered. In order to distinguish the last stair, we design the sensors at a special angle on the robot, as showed in Fig.4(c) . According to the standard of the building and the most actual measurement of the stair flat, the distance of 
When detecting the distance, the sensor can't be disturbed by the track of the robot. Based on this principle, the angle should content the following conditions:
Based on the analysis above, we can get: 
C. Slippage and Track-Stair Interactive Motions
The slippage and track-stair interactive motions are analyzed for the robot climbing stairs as follows. 
As 90
, the slippage on the grouser may happen, so the tangential force and normal interaction force must satisfy the equation 3. 
In order to make the robot to rotate angle effectively, we establish the dynamic model in the process of tread walking. Where desire -expected rotation angular velocity of robot, actual -actual rotation angular velocity of robot, desire -expected the torque of motor output,
The dynamic model is established as follows.
where motor -involves the driving torque of motor 1 and motor 3, r M -the sum of the ground resistance torque of three modules. 
Based on the state-space model that is designed before, we choose a design method to design the controller. The design method should explicitly specify the resulting dynamics of control system with the constraints of the actuators [11] . And we must ensure the system to be stable. At the same time, the perfect response speed and damping are considered at the time of the controller designed. Based on the principle above, the pole placement design method is selected. The control laws that are designed can be described as: (22) where k is the vector of the controller gains.
Before applying the pole placement design method, we have to transform the state-space model from continuous-time model to discrete-time model at a rate that is equals to the rate of the controller. The discrete-time model of the state-space model can be described as follows:
where d A and d b are the equivalent discrete-time state and input matrices from that of the state-space model.
Since we have designed the dynamics interaction model of the robot and the stair steps previously, the unknown dynamics interactions between the robot and the stair steps must be taken into consideration, so as to eliminate any steady-state error that is caused by them. The state term of heading-error integral term I can resolve the problem mentioned above. The heading-error integral term can be described as followed:
Finally, the state-space model shows below:
As a result the control lows is as followed:
The effect of the controller design on the response of the system has been showed in the experiment in order to refine the design.
III. EXPERIMENT
In this section, we perform some experiments to verify the stair-climbing method proposed above. The main parameters of the robot are shown as follows:
l -the length of single module is 42cm, w -the width of single module is 12cm, k -the connecting pole length is 22cm. m =5.7kg, 5 m kg . Now, we illustrate the sensors fixed on the robot including six ultrasound sensors (HC-SR04), one 3D compass (SEC345) and one laser sensor (URG-04LX) as it shows in Fig. 8 . The range measured and accuracy of sensors are placed bellowing. Figure 8 Shape-shifting robot with some sensors (a) One side is rail and the other is wall (b) Two sides are rails Figure 9 Two kinds of stairs in the building
The shape-shifting robot begins to climb the stairs as Fig.  10 shows. The stairs are consisted of rail on side and wall on the other side as shown in Fig. 9(a) . Firstly, through the sensors fixed in the front of robot, the robot takes the head up to get close to the stairs. In this situation, we set the safe distance between the front of robot and first stair to be 0.1m. At this time, the pitch angle Fig. 4(a) ) is set to be 12 o , according to the different types of the stairs. Once the robot begins to take the tread-climbing process, the P will be changed quickly and measured by 3D compass. P will be set to be 1 0 P ,then the tread-climbing process starts. We can see that the robot can climb the stairs with two sides of walls more easily and keep its position in safety areas in most cases. By contrast, if the sides of the stairs are consisted of wall and single rail, the robot can keep it moving in safe areas less than above mentioned. If the sides of the stairs are consisted of rails, the robot may be in dangerous areas probably due to the influence of sensors defects. Two sides of rails 30%(9 times) 43%(10 times) 37% (7 times) IV. CONCLUSION This paper presents an algorithm to climb staircases autonomously by using the robot's ability to modify its shapes in order to adapt different types of stairs.
Through many extensive experiments, we have verified that the algorithm has better robustness and the robot performs well in different staircases. The processed data is received by three kinds of sensors. (1) The rational angular measured by 3D compass. (2) The distance between robot and stair sides measured laser sensor and ultrasound sensors.
We design the control algorithm including two controllers that modified the robot's direction in time. The dynamic is involved in the algorithm that can keep the robot well mobility.
The algorithm mentioned in this paper is just suitable for the parallel stair-edge and it can be limited to spiral stairs. In the future, the robot can be added more sensors and make sensor information fuse which is required to satisfy more kinds of staircases.
